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THE PHOTOVISCOUS PROPERTIES OP PLUIDS 
3y R . teller, D . 5. Mi ddlehur s t , and R. Steiner 



SUMMARY 



A method has been developed that permits the exten- 
sion of the methods of phot oelast i city to include the 
measurement of velocity distribution in a moving fluid. 
The method is "based on the fact that viscous shear in cer- 
tain liquids gives rise to douDle refraction, which may he 
linearly related to the shear stresses. The optical sen- 
sitivity of numerous liquids has "been measured in suitable 
calibrating apparatus. Subsequently a closed circulating 
system was constructed and the velocity distribution was 
studied around certain simple shapes. The results indi- 
cate that the method nay be profitably used to investigate 
problems in fluid flow not easily attached In other ways. 



IHTH0DUCTI01I 



The development of double refraction in a liquid as 
a result of viscous shear will be termed 11 pho t ovi s c o s i t y . " 
The degree to which a liquid develops phot ovi sco si ty for 
a given rate of shear will be called its photoviscous sen- 
sitivity* This property has been studied from time to 
time since it was reported by Maxwell (reference l) in 
1874 although this report does not seem to have been the 
first record of its existence. Host of these studies have 
been' concerned with the measurement of photoviscous sen- 
sitivity for a given group of liquids, and a literature of 
the effect has been built up. A large number of refer- 
ences on the subject are included in the bibliography at 
the end of this report. A very complete bibliography on 
the subject of pjhot ©elasticity is included in reference 2. 
A few of the observers have attempted to explain the ef- 
fect in terms of assumed optical and mechanical anisotro- 
pics present in the mediums. Raman and Krischnan (refer- 
ence 3) in 1928 published the most elaborate of the theories 
in this direction. The first attempts to apply the phenom- 
enon to the solution of engineering problems seem to have 
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been reported by Sadron and Alcock (references 4 and 5). 

A great number of organic compounds having unusual op- 
tical properties have been developed within recent years. 
It seemed probable that some of these might have a higher 
photoviscous sensitivity than the liquids previously in- 
vestigated. For example, whereas cellulose nitrate 10 
years ago was themost satisfactory material for photoelas- 
tic analysis .of solid models, the development of the phenol 
formaldehyde ■•and similar plastics made possible a new and 
improved photoelastic technique. The present paper covers 
an investigation of several of these newer compounds as 
well as certain other materials not prcvi ously reported. 
The investigation was undertaken primarily to discover a 
suitable liquid for optical fluid-flow determinations and 
not for the purpose of accurately measuring the photo- 
viscous sensitivity of a large number of liquids. The ap- 
paratus and the method employed were such as to yield very 
little data regarding materials of low sensitivity, which 
were discarded without much attention. Emphasis was laid 
on the convenient measurement of large effects. 

The assistance of the following organisations is 
gratefully acknowledged in providing materinls for this 
work and information concerning these materials: E a stman 
Kodak Company, Bakelitc Corporation, S. I. duPont de 
Hemours & Company, Monsanto Chemical Company, The B. 3 1 . 
Goodrich Company, and Research Foundation of the Armour 
Institute of Technology. 



PEOIOVISCOSITY 



The phenomenon of phot ovi scosity involves the develop- 
ment of directional optical properties in a liquid in which 
a velocity gradient is present. Such a velocity gradient 
sots up stresses in the liquid as a result of viscous shear 
These shearing stresses are proportional to the gradient 
and to the viscosity (absolute). By analogy with the photo- 
elastic effect, a tension and a compression at right an- 
gles to each other and at 45° on either side of the shears 
may be substituted for these shearing stresses. (See fig. 
1-. ) These may be taken as the "principle stress direc- 
tions" in the liquid. In many liquids the directions of 
the minimum and. maximum refraction indices are found to 
lie along these principal stress directions. Where these 
directions do not coincide, the theory will probably re- 
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quire rather specific assumptions as to the character of 
the liquid. 

A liquid which develops "birefringence in such a v:ay 
that the index of refraction is reduced for light in which 
the electric vector vibrates in the direction of "princi- 
pal tension" and is increased in the direction of "princi- 
pal compression" is said to he positively birefringent and 
vice versa. Both positive and negative liquids have "been 
observed. In some cases the sign of the "birefringence 
reverses as the rate of shearing increases. (See refer- 
ence 6.) 

ilBTSODS OF IIEASUREKSHT 



Maxwell (reference l) suggested that phot oviscous bi- 
refringence "be measured by placing the liquid between an 
outer Stationary hollow cylinder and a concentric inner 
rotating cylinder. This apparatus was to be placed in a 
polariscope and the interference patterns were to be ob- 
served. Figure 2 shows such an arrangement schematically. 
Here the velocity of the liquid at a given radius R var- 
ies according to the relationship 



V = 
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in which V 1 is the peripheral velocity of the inner cyl- 



is the radius of the inner cylinder, and R ; 
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the inner radius of the outer cylinder . The accompanying 
velocity gradient on which the optical effect depends is 
found by differentiation to be 
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It will be observed that this gradient is not constant over 
the gap between the two cylinders and therefore a reference 
point must be -chosen in the gap at which measurements are 
to be made. It is convenient to measure the velocity gra&i* 
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ent at the midpoint of the gap between the two cylinders, 
this point being very close to the average value. 

The method by which the calibration is made depends 
on the sensitivity of the liquid "being tested. One way is 
simply to count the fringes that pass the center of the 
gap as the speed of the inner cylinder is slowly increased. 
If the order of interference is more than three or four, 
monochromatic light must he used in order to maintain 
sharply defined fringes. The effect is also proportional 
to the length of light path through the liquid; the num- 
ber of fringes may "be doubled by doubling the length of 
the path. The sensitivity of the apparatus therefore de- 
pends on this dimension. 

Inasmuch as counting fringes is an inaccurate process, 
it is better to introduce a Babinet Soleil compensator at 
the point indicated in figure 2. With the polarizer and 
the analyzer crossed and the compensator set at zero, the 
field will be dark when the inner cylinder is stationary. 
If the ins© r cylinder is now rot at ed , light will be re- 
stored and the compensator may bo employed to return the 
field to blackness. The amount of birefringence may then 
be read directly on the compensator scale. It is bettrer 
to use white light because. in this instance the zero-order 
fringe is the only one tl::i appears black; all others are 
colored and confusion, therefore, does not e:cist as to the 
degree of compensation obtained. 

Two types of Babinet Soleil compensators are availa- 
ble. If the ordinary compensator is used, a series of 
parallel fringes appear in the field, the center one being 
black when compensation is complete. If the 3abinet 
Soliel type of compensator is used, the entire field is 
compensated by a constant amount, any variation over the 
field being due to the variation in the velocity gradient 
of the liquid. The Babinet Soleil type of compensator 
was employed in the present investigation. 

When the effect is small, as it has been in all pre- 
viously reported data, spectroscopic methods may be used. 
Here tlie light emerging from the polariscope is projected 
into a spectrometer. As the birefringence of the fluid 
increases, certain of the spectral colors will be restored 
and will be visible in the spectrometer. If additional 
birefringent material is introduced into the polariscope 
(such as a mica plate about 0.01 cm thick), there will be 
several dark bands in the spectral field. The motion of 
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these hands as the "birefringence is varied is a rather 
sensitive test for double refraction. 

The phot ovi scons sensitivity of a given material may 
"be neasured in terns of the Ilaxwell constant (reference 
3) # This constant is defined by the equation 

n s - n x * Hp 
2 1 ds 

in which n 1 is the refractive index in the direction of 
the principal tension, n 2 is the refractive index in 
the direction of compression, 11 is the Maxwell constant, 
\X ir- the viscosity of the liquid, and dV/ds is the 
velocity gradient. When the value of the Maxwell constant 
is computed for known liquids , it is found to contain a 
factor of the order of 10~ lL , which renders it inconven- 
ient to handle. In the present report this sensitivity is 
discussed in terns of (a) the fringe value and ("b) the 
specific fringe value. The first of these values is do- 
fined as the velocity gradient that will produce a rela- 
tive retardation of one wave length of light in a unit 
thickness of the liquid. The value of this constant will 
depend on the units used ftnd on the wave length of the 
light selected, no significance "being attached to this 
constant for white light. The S2?ecific fringe value is 
defined as the fringe value multiplied "by the absolute 
viscosity (in .poises) . 

CALIBRATING APPARATUS 



The various types of apparatus employed by other ex- 
perimenters in this field were considered and equipment 
of the same general nature was constructed. This appara- 
tus is shown in figures 3 and 4 and was used to measure 
the photoviscous sensitivity of the liquids tested. The 
inner diameter of the outer fixed cylinder was 6.988 cen- 
timeters and that of the inner rotating cylinder 5.956 
centimeters. The gap "between the two cylinders was there- 
fore 0.516 centimeter. The inner cylinder was 9.60 cen- 
timeters long, and a clearance of 0.05 centimeter was al- 
lowed at the top and the "bottom. 

The range of speed for the inner cylinder extended 
from approximately 100 rpm to 2000 rpm, making possihle 
velocity gradients of from 30 centimeters per second per 
centimeter to 600 centimeters per second per centimeter. 
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A 3a"binet Boleil compensator was introduced "between 
the two sheets of Polaroid in the polarizer and analyzer. 
Forty-five degree reflecting prisms were added to direct 
the light "beam. Light was supplied "by a 21-candle-power 
automobile headlight "bulb; this light was diffused "by a 
sheet of opal glass preceding the polarizer. 

There are two techniques possible for the measurement 
of "birefringence with this apparatus. Since one is 1 
using white light, the entire field will "be "black with 
the polarizer and the analyzer crossed, the liquid station- 
ary, and the compensator set at zero. The inner cylinder 
»an "be set in motion and the double refraction neutralized 
with the compensator. This process involves an estimate 
on the part of the observer as to the degree of compensa- 
tion obtained, and various observers do not always exactly 
agree, A second possibility involves the introduction of 
birefringence before the liquid Is set in motion. The bi- 
refringence in this case may be obtained by varying the 
compensator setting until the so-called sensitive tint is 
obtained. This tint represents the transition of the in- 
terference color from red to blue, which takes place 
quite suddenly on a small motion of the compensator. When 
the liquid is set in motion, its birefringence may be meas- 
ured by restoring the sensitive tint. Observations tend 
to agree more closely when this procedure is used. 

The more sensitive liquids them were tested by the 
following method: The liquid was placed in the cali- 
brator and readings wore taken at various speeds so that 
a curve of double refraction against velocity gradient 
could be plotted. The viscosity of the liquid was approxi- 
mately measured by the falling-ball method. Where densi- 
ties were not available in handbooks, they were measured* 

SENSITIVE MATERIALS 

Previous investigators have discovered in studying 
photoviscous sensitivity that liquids may bo divided ac- 
cording to two general classes of behavior. In one of 
these classes the amount of birefringence produced is 
closely proportional to the rate of shear. Liquids re- 
ported in this class include many oils such as olive oil, 
cotton-seed oil, sesame oil, etc. The second class of 
liquids contains the liquids that tend to saturate quite 
rapidly as the rate of shear increases, that is, the curve 
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in which rate of s ii e a r is plotted on the abscissa scale 
and sensitivity on the ordinate scale is convex upward 
and is nowhere a straight line. In this class belong 
such materials as the vanadium pent oxi de sols, tobacco 
mosaic virus, and other suspensions that are probably long 
thin particles. Ordinary gelatin was investigated (refer- 
ence 6) and was found to reverse the sign of its birefrin- 
gence beyond a certain rate of shear so that, while it is 
relatively very sensitive, the relation between birefrin- 
gence and rate of shear is quite complex. The variation 
in photoviscous sensitivity with temperature has also been 
studied. It is found that, in general, this sensitivity 
decreases with a decrease in temperature and the resulting 
reduction in the viscosity and in the magnitude of the 
shearing stresses. It is, of course, desirable, if photo- 
viscous phenomena are to be used as the basis of engineer- 
ing measurements, to have a liquid in which the rate of 
shear and birefringence are linearly related. 

It seemed desirable first to investigate those mate- 
rials related to phot oelast ically sensitive solids. These 
materials included the phenol f ormaldehydes , cellulose ni- 
trate and acetate, the vinyl resins, such as vinyl acetate, 
polyvinyl butyral, polystyrene, etc. Many of these prod- 
ucts are liquids in the primary stages of manufacture. 
Some are of the polymerizing type and the possibility ex- 
isted of investigating various degrees of polymerization. 
Various plastic manufacturers were asked to contribute 
samples of materials that seemed promising. To these sam- 
ples were added a group of oils and various random materi- 
als that occurred to the experimenters from time to time. 



RESULTS 



The results of this investigation are shown in table 
I and figures 5 and 6. Table I lists materials tested. 
The optical response is indicated in figures 5 and 6 in 
terms of the motion of the Babinet Soliel compensator. 
Approximately 540 divisions is the equivalent of 1 wave 
length of green light. The speed of the inner cylinder is 
given in revolutions per minute but may be converted to 
other units by considering the diameter of the cylinder, 
which is 5.956 centimeters. The curves show the variation 
in double refraction with the speed of rotation of the in- 
ner cylinder. For each liquid for which a curve was drawn, 
the fringe value is listed v/ith the curve. The fringe 
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value is given by 

E - 3120 ^ nner ~ c ^ r ^ nc " ,; - er sp^eedt rpn 
■ compensat or shift 

Hone of the desirable liquids maintained a straight- 
line relation ship between the rate of shear and the amount 
of dou"ble refraction as the rate of shear increased. Shis 
result is largely due to tho rise in temperature accompany- 
ing viscous shear. This rise in tcnperaturc could have "been 
prevented by the use of a water jacket on the calibrator. 
In nany cases additional data indicate that a straight- 
line relationship can be maintained if the temperature is 
held constant. Various investigators have measured the 
relationship "between temperature and photoviscous sensitiv- 
ity and have fo\md that it varies in a compli cat ed way # 
The complexity is probably chiefly due to the relation be~ 
tween temperature and viscosity rather than to the rela- 
tion between viscosity and optical response* It is natural 
to e::pect a reduction in optical response with a reduction 
in viscosity if the stress is directly iiivolved because 
the stress is directly proportional to the viscosity. Re- 
frigeration may therefore he employed in photoviscous 
experiments or the experiments may he held up until tem- 
perature equilibrium is- established. In any event a cali- 
bration of the sensitive medium should be. made at the' 
working t emperatur e # 

In certain cases the liquids were diluted with appro- 
priate solvents and the sensitivity was found to decrea.se 
by an amount pr opor t i onal to tho viscosity change for 
small amounts of solvent. 

The liquids that are considered useful in engineer- 
ing applications of phot ovi scosity are given in table II 
in order of increasing fringe value (decreasing sensitiv- 
ity). Table II indicates tho "be st fringe value for mate- 
rial 50 as well as the best specific fringe value. In 
addition, tho effect of the increase in temperature as the 
apparatus was operated seems less for this liquid. Reduc- 
tion in viscosity by the addition of diluents is easily 
a c c o mp 1 i she d . 



i'TACA Technical Uotc Ro* 841 



9 



TUR3U12I T C2 



¥hem the phot ovi scous effects in liquids of lov; vis- 
cosity were observed, a new phenomenon appeared, which 
consisted of the development of a dark "band in the center 
of the sap "between the cylinders when' the speed of the 
cylinders was increased above a certain amount. The ap- 
pearance of the dark hand was interpreted as due to the 
presence of turbulence in this region. The liquid "between 
the dark "band and the cylinder walls retained its biro fringe 
encc, "but the hire f r ingence was not of the same order as 
V7ould."oc expected in the absence of turbulence* As the 
speed was slowly increased, the point at which turbulence 
appeared could be determined with reasonable accuracy. 
Values of the order of 40 were obtained for Reynolds number 
at the onset of turbulence. The linear dimension was taken 
to be the gap between the cylinders and the velocity was 
taken as half the peripheral velocity of the inner cylin- 
der. In order to establish clearly the argument that the 
dark band was due to turbulence, the viscosity of the 
fluid was changed by the addition of a diluting agent and 
the Reynolds number was found to be substantially constant. 

It therefore appears that the methods of this report 
may be useful in studies of fluid flow which are not en- 
tirely laminar, the boundaries of turbulent regions being 
easily e stabli shed . 

Some of the liquids measured are far more sensitive 
than any previously reported* and there are a number thft 
might be chosen for use in engineering applications. It 
is felt that these working mediums now make it practicable 
to employ the fringe-counting technique of the photoelas- 
tic method in the determination of velocity distributions 
in flowing fluids, whereas previously it was necessary to 
employ spectroscopic analysis in order to obtain results. 

THE EXPERIIGI7TAL LIQUID TUUITSL 

The limitations of the project made it necessary to 
construct a rather small experimental flow system and for 



Ho liquid previously reported in the literature on the 
subject of phot ovi scous sensitivity would have given a 
measurable indication of sensitivity with the present appa- 
ratus except gelatin* 
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this reason complex shapes could not be treated. The fol- 
lowing cases will now "be discussed: 

(1) Flow in a rectangular channel 

(2) Flow around a cylindrical obstruction in the 

channe 1 

(3) Flow around a streamlined strut section in the 

channe 1 

The methods applied to these cases are quite general and 
nay he used in connection frith any two-dimensional-flow 
system . 

The apparatus consisted of a closed liquid system 
having a circulating pump and a test section through which 
observations were made. This equipment is shown schemat- 
ically in figure 7. Figure 8 shows the equipment proper, 
and figure 9 shows a detail of the test section. The tun- 
nel was constructed of 4-inch pipe, having a cross- 
sectional area of 12.7 square inches, or 82 square centi- 
meters. Circulation in figure 7 is to "be taken as clock- 
wise, the liquid discharging directly from the test sec- 
tion into the pump and thence around the circuit before 
again entering the test section. It was thought that this 
type of circulation would eliminate any disturbances in 
the fluid due to the action of the pump, but it is now con- 
sidered that these precautions were not necessary. 

The pump was of the positive-displacement type made 
by the Kinney I-Ianuf act ur ing Company. It operates by the 
rotation of an eccentric roller against a sealing vane. 
The rated capacity at 600 rpm is 60 gallons per minute or 
227 liters per minute. This type of pump construction 
results in a slightly pulsating discharge that is undesir- 
able because the pulsations appear in the optical obser- 
vat ions . 

The pump was driven by a direct-current motor that 
was capable of a variation in speed up to double the rated 
speed of the pump. The motor was rated at 12 horsepower 
at 1200 rpm, but for most runs less than 1 horsepower was 
consumed. Pressure measur ement s ma.de on opposite sides of 
the pump indicated that a differential of up to 0.2 kilo- 
gram per square centimeter was sufficient to circulate 
the fluid. 



ITACA Technical I T ote Ho". 841 



11 



The pipe system 'was first placed horizontally, "but 
the. removal of air after opening the system was difficult 
and the vertical position was adopted. The vertical posi- 
tion possesses the advantage of a horizontal light "beam 
and consequently greater ease of observation. 

In order to maintain the liquid in the system at a 
pressure above atmospheric at all times, it "became neces- 
sar.y to provide a standpipe, at the top of which was placed 
an air valve through which compressed air could be intro- 
duced. Leakage of fluid from the system was negligible 
but air intake at the pump packing and around joints be- 
came objectionable unless the air pressure was maintained 
at about 5 pounds. As will be noted later, this air tend- 
ed .to collect on the downstream side of certain test spec- 
imens and disturbed the flow pattern in the neighborhood. 

Inasmuch as the fluid employed is an excellent sol- 
vent for many materials, it was necessary to take precau- 
tions to prevent contamination. Paint presents a hazard 
in this connection as does graphited packing in the pump 
bearings. When contamination results, it is necessary to 
resort to distillation because filtration is not adequate. 
Purification therefore results in the loss of the solute 
and a significant amount of solvent. 

A detail of the test section is shown in figure 9. 
It consisted of a channel 1 inch wide and 5 inches deep, 
having quadrant-shaped entrance walls. The channel main- 
tains its width for a space of about 3 inches and then 
slowly diverges. The observation windows on opposite 
sides of the section are made of |-inch glass cemented in 

place with Sauereisen cement. The various models were 
supported by spring-loaded pins that seated in holes 
drilled part way through the glass. This procedure elim- 
inated the necessity of removing the windows when it be- 
came necessary to change models, access to the test sec- 
tion being obtained by removing the adjacent pipe elbow. 

The glass windows exhibited a slight double refrac- 
tion after drilling, which was evident as a slight light- 
ening of the field in the neighborhood of the holes whom 
the test fluid was at rest. The effect was not sufficient 
to cause appreciable distortion in the fringe patterns. 

The optical arrangement, which is the conventional 
layout for two-dimensi onal phot ©elastic analysis, is shown 
schematically in figure It). It involved a 100— watt, high- 
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intensity mercury vapor lamp, tho light bean from which 
was collimated by a 10— inch-dianet or condensing lens. The 
light passed through a polarizer consisting of a disk of 
Polaroid and a quart er-wave plate f each 8-g- inches in diam- 
eter. The emergent circularly polarized light then trav- 
ersed the test section and was subsequently analysed and 
projected into a canera, The pro olen of photography dif- 
fers fron that encountered in stress analysis in that a 
thicker layer of sensitive material is being observed. 
This fact renders difficult the use of an optical system 
having a large numerical aperture with the accompanying 
shallowness of field; for example, the best fringe photo- 
graphs were taken with the system focused on the median 
plane of the test section. For this setting, however, 
the boundaries of both channel and model wore blurred. 
When the side of the tost section nearest the camera was 
in focus, the fringes were not clear. This condition is 
illustrated in figure 11. The remedy is obviously a field 
lens of very long focal length. Such a lens must be made 
to order and was not available. In the present report a 
compromise was adopted: in most cases the sharpness in the 
fringes was obtained at the expense of wcll-def ined bound- 
aries. 

THE FLUID 



As previously mentioned, the fluid employed was a so- 
lution of ethyl cellulose (it ho eel from Tho Dow Chemical 
Company) in ethylene glycol methyl ether acetate (Methyl 
Cellosolve Acetate from the Carbide & Carbon Chen. Corp.). 
In quantities such as those employed (15 gal or 45 liters) 
the cost approximated 50 cents per liter. An amount of 
the solute necessary to raise the viscosity at room tem- 
perature to about 30 poises was added. The significant 
properties of the fluid as actually used are as follows: 



Concentration, grams per liter 60 

Specific gravity 1.019 

Absolute viscosity at 19 c C, poises 3 0 

Kinematic viscosity 29.4 

Pringe value 1,200 

Specific fringe value 36,000 
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The heat generated "by stirring action did not notice- 
ably increase the t enper atur e of the fluid during oper- 
ation, The room-temperature fringe value (1200) is there- 
fore given. Because the sensitivity depends on the vis- 
cosity, it decreases rapidly with rising temperature and 
at 60° C is approximately one-half its value at 20 C. 

A significant feature of this fluid is that it does 
not develop its principal axes of "birefringence at 45^ to 
the direction of flow. (See fig. 1.) For infinitesimal 
def or mat i ons the principal tension and principal compres- 
sion directions nako angles of 45 to the direction of 
flow. This condition would he expected "because such direc- 
tions lie at 45° to the direction of naxinun shear, which 
is the direction of flow. The test fluid did not develop 
its principal axes of "birefringence in these directions 
hut in directions corresponding to a rotation of approxi- 
mately 12° in the direction indicated "by the shearing- 
force vc ct or s . 

The direction of tension therefore :.iakcs an angle of 
33° to the direction of flow and the direction of compres- 
sion nako s an angle of 57° to the direction of flow. Ref- 
erence to this effect will be made later in connection 
with sonc of the interference patterns. 



THE REC2JA1I&ULAE CHAHHE1 



Measurements were first made using the test section 
alone. Fringe patterns of this condition are shown in 
figures 12 to 14. Figure 12 represents the flow at a pump 
speed of 165 rpm, the flow "being at the rate of 62.5 liters 
per minute. Figures 13 and 14 were taken at the rate of 
142 and 234 liters per minute, respectively. It will he 
observed that the fringes tend to "become equally spaced a 
short distance down the channel. This spacing indicates 
a uniform rate of variation in the velocity gradient and 
hence a uniform acceleration of the velocity from the cen- 
ter of the channel to the walls, which is the well-known 
paracolic velocity distribution. Since the maximum veloc- 
ity is 1.5 times the average velocity, it is easy to com- 
pute the sensitivity of the fluid as a check against the 
original calibrator data; for example, 

Lot T /. r he the discharge in cubic centimeters per 
second 
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Let a "be the half-width of the channel in 
cent i -.1 e t er s 

Let t "be the channel depth in centimeters 
Then the average velocity will be 

v av = r/a*t 

The maximum velocity- will then he 

W = 3*/4at 

The equation representing the velocity di a t r i hut i on can 
he written 

V = 3JT/4at - 3Wx 2 /4a 3 t 

The naxinuu velocity gradient will occur at the "boundary 
where x = a and is giver, by 

dv /dx = -3Y//2a 2 t 

The "basic equation of the photoviscous effect is 

dv/dx = CIT/t 

where C is the photoviscous sensitivity and N is the 
fringe order. Hence at the "boundaries 

3VJ/2a 2 t = CIT/t 

or 

C = SV/2a% 

For example, in figure 14 the value of W is 4860 
cubic centimeters per second, the value of a is 1 # 27 
centimeters, and the value of IT appears to he approxi- 
mately 3.75. As a result C has a value of 1200. A more 
accurate determination nay he made by subjecting the neg- 
ative to examination in a mi cr ophot one t er , which accurate- 
ly measures the position of the fringes. Such a record 
is shown in figure 15. Fringe positions from this record 
are shown in figure 16. Calculations based on this spac- 
ing indicate a Value of 1180 for C. 

The open channel illustrates the anomalous behavior 
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of the test medium with regard to the direction of polariz- 
ation. If the principal axes of polarization developed 
Within the fluid lie at 45° to the direction of flow, then 
no light would he expected to he transmitted if the plane 
polarizer and the plane analyzer are placed in correspond- 
ing positions. Figure 17 shows the fringe pattern for 
this case, it "being evident that light is transmitted. If 
the polarizers are rotated so that one or the other lies 
at 33° to the direction of flow, however, the condition 
for extinction is satisfactory for a part of the flow. 
Figure 18 shows this situation. It is impossihle to ex- 
tinguish "both sides of the channel at once "because oppo- 
site rotations are necessary. A rotation of 12 from the 
45° position in the opposite direction would have caused 
extinction over the other half of the channel. 



THE CYLINDER 



Figures 19 to 21 show the pattern resulting from the 
presence of a cylindrical obstruction to the flow. These 
photographs were taken with circularly polarized light, 
the rate of flow Being 60.5, 91, and 147 liters per min- 
ute, respectively. The compromise between sharp fringes 
and sharp "boundaries is here quite evident, sharp "bound- 
aries having been sacrificed to ohtain sharp fringes. 

Figure 22 shows a tracing of figure 20 in which the 
fringe order is indicated. It will he observed that a 
zero fringe occurs at five points within the pattern. 
The region of highest fringe order is, of course, that 
where the viscous drag is highest; these regions are nat- 
urally found on the sides of the cylinder and on the walls 
•ppositc the cylinder. It is interesting to notice that 
the effect extends over a length of the channel wfill equal 
to approximately twice the cylinder diameter. 

With this -cylindrical model there was a tendency for 
air circulating in the system as "bubbles to "become at- 
tached to the trailing edge of the cylinder. The tiny 
"black space having the shape of an arrowhead is this ac- 
cretion of air. After prolonged operation at high speeds 
the size of the air space approached that of the model 
itself. The effect could have been avoided by the elimi- 
nation of air from the system; but the elimination of air 
would have required better methods of sealing than were 
employed* The flow pattern around the cylinder is, of 
course, affected by this factor. 
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THE ST HUT S2CTI01T 



IPiguros 23 to 25 show the results of substituting a 
-section of a streamlined strut for the cylinder. The 
sequence of phenomena is the same as before; the rates of 
discharge are, however, 56.7, 89, and 182 liters per min- 
ute. As would he expected in this instance, there is 
less total disturbance in the flow, For a more detailed 
analysis of the flow figure 22 nay be compared with fig- 
ure 26, both of which are tracings of the fringe pat- 
terns at practically the same rate of discharge. 



The viscous drag forces on an immersed body depend 
upon its area, the velocity gradients over its surface, 
and the viscosity p, of the fluid in which the body is 
imme r sed . 



where cos 6 is the angle between the drag force at a 
particular }ooint on the surface and the total force ex- 
erted on the shape . 

A development of the boundary of the section shown 
in figure 23, starting at the leading edge, is shown in 
figure 27, The upper curve in the figure represents the 
fringe order, and "therefore the velocity gradient, at all 
points. The lower curve takes into account the angle be- 
tween the tangent to the boundary and the resultant drag 
force. The velocity gradients plotted as ordinatcs are 
the products of the gradient and cos 6. The integral 
around the shape gives the area under the curve and, when 
multiplied by the viscosity, gives the drag. The values 
arc as follows: 



CALCULATION OF DRAG 



Total 




Length of developed boundary, 
centimeter s 



6.04 



/ grad V cos 6 dA, square centi 
meters per second 



7040 



Viscosity, poises 



30 



Drag ( f ricti onal ) , grams 



215 
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The gradient is obtained simply as the product of the 
fringe order at each point and the fringe constant of the 
fluid for the thickness employed* In this case a veloc- 
ity gradient of 93 centimeters per second per centimeter 
corresponds to a fringe order of unity. 



VELOCITY CALCULATIONS 



In order to determine the actual velocities present 
in various parts of the flow, the following procedure 
may "be adopted. Consider figure 16, which represents the 
fringes in the central part of the channel for the situa- 
tion of figure 14. Assume that the velocity is zero at 
all "boundaries. Choose a path along Which to integrate, 
such as A-S. Divide this path into sections represented 
"by the intersections with the fringes. The velocity gradi 
ent at the "boundary is 371 centimeters per second per cen- 
timeter. At the first intersection with an inner fringe, 
the velocity gradient "becomes 279 centimeters per second 
per centimeter. Over the first section of the path it has 
an average value, therefore, of 325 centimeters per second 
per centimeter. If this average value is multiplied "by 
the length of the section, the result is the change in ve- 
locity over the section. Since the velocity at the "bound- 
ary is zero, this change (added to zero) gives the veloc- 
ity at the end of the first section. By taking the aver- 
age gradient over the second section, multiplying "by the 
length of the section, and adding the result to the first 
velocity, the velocity at the end of the second section 
is obtained. Tahlc III shows the values obtained in this 
way. A check is provided "by the requirement that, when 
the opposite "boundary is reached, the velocity must return 
to zero. Such int egrat ions may "be performed over any 
curved line in the velocity field. If a closed curve is 
selected that encloses the model, the result will "be the 
circulation around the model, an important factor dynam- 
i cal ly . 

CORRS OT I OH FACTORS 



Aside from the causes of error usually associated 
with photoclastic experiments, there arc certain effects 
peculiar to the use of fluid mediums of the type employed. 
Whether these corrections are large or small depends 
on the particular case under discussion. It might he 
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suggested, however, that one source of difficulty encoun- 
tered in clastic systems is absent in fluid-flow measure- 
ments, namely, the existpnee of initial stresses. Whereas 
those initial stresses exist to a certain extent in all 
photoelastic models, there is no "birefringence in a fluid 
at rest. 

The anomaly in the polarization directions associated 
with the use of certain test fluids has already been noted. 
This irregularity actually introduces two types of correc- 
tion* The first is the simple rotation of polarization 
axes, which makes it necessary to add 33 to or subtract 
57° from the polarizer directions instead of the expected 
45° in order to obtain the directions of flaw* This rota- 
tion of axes is not a significant feature and the angles 
that must he used are always obvious. 

The second correction arises from the same source hut 
must he considered more carefully, With solid photoelas- 
tic models it is common to assume that the douole .refrac- 
tion observed along ahy particular direction of observa- 
tion arises solely from stresses lying in planes normal 
to this direction. The same is not true .of fluids as the 
•following example will illustrate. It is obvious that, 
in the diannel employed in these tests, the velocity is 
not constant throughout the depth of the section but must 
become zero at the inner surface of the glas s , windows . 
Since the channel is deep as compared with its width, it 
is probable that variations of velocity with depth are 
confined t o regions near the w i ndows. Consider figure 28, 
Here the flow is shown from the side and an element of the 
fluid is shown lying in the region wherein such a velocity 
variation is taking place. This element deforms into .the 
shape shown by the dotted lines in the figure and the re- 
sulting directions of polarization are indicated, Be- 
cause this is a pure shear, the tension and the compres- 
sion are numerically equal; and, if the tension and com- 
pression directions were at 4-5 to the direction of flow, 
their projections normal to the light bean would cancel 
each other. Inasmuch as the compression will actually 
project shorter than the tension, the projections do not 
cancel and a residual tension remains. This residual ten- 
sion introduces an additional double refraction, which 
is added to that produced by the velocity gradients normal 
to the light direction. This effect is illustrated in 
figure 29, which shows the factors producimg double re- 
fraction along the light beam. 
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This correction will alter the interpretation of the 
fringe patterns to a certain extent. For example, in the 
case of the cylinder and strut when photographed with cir- 
cularly polarized light, the channel nay he crossed with- 
out encountering a zero fringe. This condition is In- 
possible for obvious reasons. If proper correction is 
nade , the zero fringe should extend throughout the chan- 
nel, dividing to pass the obstruction. This situation 
has been found to be true. 

Several methods may be used to overcome the difficulty 
mentioned. Two fluid systems having the sane velocities 
and shapes but different depths might be super impo sed . 
If the two flows are in opposite directions the end effects 
will cancel, leaving a single effect due to a channel of a 
depth equal to the difference of the two. Probably the 
best solution is to utilize the scattering method of analy- 
sis. (See reference 7.) Mere it seems most convenient 
to introduce a source of polarized light within the model. 
This source may be obtained by projecting a beam of un~ 
polarized light through a slit into the test section so 
as to illuminate a plane section normal to the direction 
of observation. If this plane section wore so chosen 
that it lay above the region in which the difficulty 
.arises, a part of the disturbance would be removed. 

C0UCLUSI01TS 



The investigations carried out on the photoviscous 
properties of fluids seem to indicate that it is entirely 
practicable to carry over into fluid-flow studies the 
techniques of phot oclast icity . The most satisfactory flu- 
ids found to date are solutions of certain organic mate- 
rials. These materials scorn to be those characterized 
by a complex molecular structure, which is not rigid but 
which is capable of considerable distortion in viscous 
shear. The high viscosity of the present fluids leads to 
abnormally low values of Reynolds number for models of 
reasonable size, but this difficulty can be corrected if 
better working mediums are found. Work is being continued 
in this direction. 

The measurement of velocity gradients is carried out 
by precisely the sane techniques as are employed in the 
photoelastic procedure. The development of polarizing 
axes at angles other than 45° to the direction of flow 
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introduces end corrections that are reduced as the aspect 
ratio of the test channel is increased. It is prohahle 
that these end corrections can "be completely evaluated "by 
the use of scattered-light sources. 

The investigation of three-dimensional-flow problems 
apparently offers no special difficulties and v. r ill he 
sturHed at An early date. 



State College of Washington, 

Pullman, Wash., Apr^" 1 n °41 . 
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TABLE I 



MATERIALS TESTED FOR PHOTOVISCOUS SENSITIVITY 



1 

2 

j 
I 

9 

10 

n 

12 

it 
11 

19 

20 
21 

22 
23 



2 
2 
2 
2 

29 
30 

31 
32 

M 

35 
36 



Material 

Cottonseed oil 
Halowax oil 
Gelatin (Knox) 
Gelatin (Knox) 
Egg albumen 
Sodium silicate 
Gum acacia in water 
of sassafras 
cltronella 
anise 

eucalyptus 
amber 
pine 



0.035 graxn/cc 
0,07 gram/cc 



Sensitivity 
Negligible 
Neg. 
Good 
Good 
Neg 



Oil 
Oil 
Oil 
Oil 
Oil 
Oil 



of 
of 
of 
of 
of 

Sperm oil 
Oil of cedar 
Oil of Juniper 
Oil of almonds 
Neat 1 s-foot oil 
Cod-liver oil 
Oil of balsam 
Pish oil 

Resin BV-10360 (Bakelite) 
Resin BR-^OO (Bakelite) 
Resin BR-lj.8-306 (Bakelite) 
Resin BR-lil-001 (Bakelite) 
Resin B-ij. (XR-7^28) (Bakelite) 
Beta glucose penta-ace tate 
Vinyl acetate polymer in monomer 
Styrene polymer in monomer 
Resin L-llll-39 (XR-13936) 
Acrawax B in mineral turpentine 
Diglycol laurate (Glycol) 
Diglycol stearate in ethanol ( Glycol ) 
Abopon (Glycol) 
Polyvynal butyral resin in 

ethanol (duPont) 
Polyvynal butyral sheeting in 

ethanol (duPont) 



Neg. 
Neg. 
Neg. 
Neg. 
Neg. 
Neg. 
Neg. 
Neg. 
Neg, 
Neg. 
Neg. 
Neg, 
Neg. 
Neg. 
Neg. 
Neg. 
Cloudy 
Pair 

Not tested 
Neg. 
Pair 
Neg. 
Poor 
Good 
Neg- 
Neg. 
Neg. 
Neg. 
Neg. 



Fair 
Fair 



kl 

k9 
50 

I 
11 

59 



Material Sensitivity 
Vinyl acetate in ethanol (duPont) Negligible 
Methyl methacrylate in ethanol 

(duPont) 
Polyvinyl alcohoL 'in water (duPont) 
Resin R-3525 (duPont) 
Zein in carbitol 
Korolac (Goodrich) 
Sesame oil 

Methyl cellosolve acetate with 
cellulose acetate and butyr- 
ate 160 (Kodak) 
Methyl cellosolve acetate with 
cellulose acetate and butyr- 
ate 381 (Kodak) 
Methyl cellosolve acetate with 

cellulose acetate (Kodak) 
Dimethyl phthalate with 

cellulose acetate (Kodak) 
Dimethyl phthalate with cellu- 
lose acetate and butyrate 
160 (Kodak) 
Dimethyl phthalate with cellu- 
lose acetate and butyrate 
38l (Kodak) 
Methyl cellosolve acetate with 

cellulose ether (Kodak) 
Dimethyl phthalate with 

cellulose ether (Kodak) 
Polyvinyl acetate (Monsanto) 
Polyvinyl formal (Monsanto) 
Polyvinyl butyral (Monsanto) 
Cellulose acetate (Monsanto) 
Cellulose nitrate (Monsanto) 
Poly s tyr ene ( Monsanto ) 
Phenol -formaldehyde syrup 

(Monsanto ) 
Ethyl cellulose (Monsanto) 



Poor 

Neg. 

Neg. 

Neg. 

Fair 

Neg. 



Fair 



Good 
Good 
Good 



Good 



Good 

Good 

Good 
Good 
Poor 
Good 
Good 
Good 
Good 

Pair 
Good 



TABLE II 

FRINGE VALUES OP LIQUIDS USEFUL IN ENGINEERING 
APPLICATIONS OF PHOTOVISCOSITY 



Material 


Fringe 
value 


Viscosity at 
room temperature 
(poises) 


Specific 
fringe value 




8:1 methyl cello solve acetate With 




67 


36,800 


cellulose ether (Kodak) 






51 


l6:l dimethyl phthalate with 


560 




40,000 




cellulose ether (Kodak) 








1+7 


12:1 dimethyl phthalate with 


1500 


79 


118,000 




cellulose acetate (Kodak) 










with 




44 


118,000 


1*8 


ll|.:l dimethyl phthalate /cellulose 


2700 




acetate butyrate l60 (Kodak) 








29 


Polystyrene in styrene monomer 




23 .4 


104,000 




(Bakelite) 









TABLE III 
VELOCITY CALCULATIONS 



Section 


Average fringe 
order over 
section 


Average 
velocity 
gradient 
(cm/sec/cm) 

325 
232 

139.5 
46.5 

-46.5 
-139.5 
-232 
-302 


Length of 
section 
(cm) 


Velocity 
change 
(cm/sec) 


Velocity at end 
of section 
(cm/ sec) 


1 
2 

I 
I 

I 


3.5 
2.5 
1.5 

.5 

.5 

1.5 
2.5 
3.25 


0.33§ 
.556 
.306 
.336 
.336 

•4 

.188 


109 
77.9 
42.7 
15.6 
-15.6 
-k9.4 
-80. 3 
-56.7 


109 

186.9 
229.6 

245.2 
229.6 
180.2 

99.9 
43.2 
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Figure 1.- Forces in a shearing liquid. An element such as the solid square 
deforms with time into the dotted figure. 
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Figure 2.- Device for measuring photoviscous birefringence. 

Windows in the outer cylinder permit the light 
to pass through. 
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Figure 4.- Apparatus for measuring the photoviscous 

sensitivity of liquids and liquids tested. 
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Fig. 5 



A High percentage of polymer 

B Intermediate amount of polymer 

C Small amount of polymer 




Inner-cylinder speed, rpm 



Figure 5.- Photoviscous sensitivity of 
polystyrene. 
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A Methyl cellosolve acetate 

cellulose ether 
B Dimethyl phthalate 

cellulose ether 
C Dimethyl phthalate 

cellulose acetate 



D Dimethyl phthalate 

cellulose acetate 

"butyrate 160 
E Dimethyl phthalate 

cellulose acetate 

"butyrate 160 
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Figure 6.- Photoviscous sensitivity of materials related to 
photoelastically sensitive solids. 
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Figure 7.- 
8chematic 
diagram of 
photoviacoua 
t est 

equipment . 
Circulation 
of the 
fluid ie 
clockwise. 
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Figure 10.- Schematic diagram o£ the optical ay stem. 



Figure 11 Fringe photograph taken witn 

the camera focused on the 
near side of the test section showing 
blurred fringe pattern. 




Figure 12.- Flow pattern in the unobstructed 

channel. Discharge rate r 62.5 
liters per minute. 



Figure 13.- 
Flow pattern 
in the 

unobstructed 
channel . 
Discharge 
rate, 

142 liters 
per minute. 

-< 



Figure 14.- 
Flow pattern 
in the 

unobstructed 
channel . 
Discharge 
rate, 

234 liters 
per minute. 




Figure 15.- PhotomicrograpMc trace of the negative of fig. .14, which 

represents the variations in the density of the image across ^ 

the uniform portion of the flow* Increasing ordinates represent increasing ft 
transmission, that is, dark fringes in the channel. 
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Figure 16. ~ A tracing of the center lines of the fringes 

of fig. 14, showing nearly uniform spacing 
resulting from a parabolic velocity distribution. 




Figure 17 # - 
Fringes in the 
unobstructed 
channel 
taken with 
plane-polarized 
light. The 
polarizer 
and the 
analyzer 
are placed 
with their 
axes at 45° 
to the 
direction 
of flow, 

< 



>- 

Figure 18.- 
Darkeni ng 
of half 
the channel, 
resulting 
from placing 
the polarizer 
at 33° to 
the vertical 
and the 
analyzer at 
33° to the 
horizontal. 




Figure 19.- Fringe pattern resulting from the 

placing of a cylindrical obstruction 
in the channel. Discharge rate, 60.5 liters per 
minute. 




Figure 20*- Fringe pattern resulting from the <N 

placing of a cylindrical obstruction • 

in the channel. Discharge rate, 91 liters per H 

minute. • 




Figure 23.- 

Fringe 

pattern 

due to the 

streamlined 

strut 

section. 

Discharge 

rate, 56.7 

liters per 

minute. 



Figure 21.- Fringe pattern resulting from 

the placing of a cylindrical 
obstruction in the channel. Discharge rate, 
147 liters per minute. 



Figure 24.- 

Fringe 

pattern 

due to the 

streamlined 

strut 

section. 

Discharge 

rate, 89 

liters per 

minute. 



Figure 25.- 

Fringe 

pattern 

due to the 

streamlined 

strut 

section. 

Discharge 

rate, 182 

liters per 

minute. 




Developed contour 



Figure 27.- Development of the "boundary of the strut section shown 

in fig;. 23. m 
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Figure 28.- Velocity distribution through the 

depth of the channel showing 
the decrease to zero at the windows. 
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Figure 29.- Sources of double refraction in the channel. 



